INTRODUCTION {#sec1-1}
============

One of the greatest challenges in restorative dentistry is to obtain an effective seal of the tooth/restoration interface. Composite restorations rely on adhesive systems which form a micromechanical bond with the tooth structure. Based upon the clinical approach, bonding to tooth hard tissues can be accomplished using one of the following adhesion strategies: the etch and rinse approach, self-etch approach and glass-ionomer approach.\[[@ref1]\] Etch and rinse technique involves the use of 30--40% phosphoric acid etchant, while the self-etch approach is based on the use of non-rinse acidic monomers that simultaneously condition and prime dentin and enamel. The self-etch systems have been classified as two-step and one-step (all-in-one) adhesives. One-step self-etch systems incorporate all the components of an adhesive system (etchant, primer and bonding resin) into a single solution and combine all the three bonding steps into a single application. Clinically, self-etch systems not only simplify the bonding process by eliminating steps, but also eliminate some of the technique sensitivity associated with the use of etch and rinse systems.\[[@ref2]\] Furthermore, as the moisture level of dentin is not a critical factor with these adhesives, the issue of wet bonding is not a concern. Moreover, the risk of incomplete resin infiltration is eliminated by simultaneous infiltration of the exposed collagen fibril scaffold with resin up to the same depth of demineralization.\[[@ref2]\]

These one-step self-etch adhesives have been subdivided into three categories as strong, moderate (intermediary strong) and mild, based upon their pH value.\[[@ref1]\] As self-etch adhesives use acidic monomers rather than the traditional phosphoric acid to condition tooth structure, they do not produce the same degree of porosity in enamel surfaces as that attained with phosphoric acid etching.\[[@ref3]\] Bonding of one-step self-etch systems to enamel still remains critical and is controversially discussed by various authors.\[[@ref4][@ref5]\] There is a significant difference in enamel roughness with the self-etch adhesive systems when compared with the traditional phosphoric acid conditioning.\[[@ref6]\] Barkmeier *et al*.\[[@ref6]\] reported that extending the treatment time with the self-etch adhesives also does not significantly increase bond strengths and concluded that phosphoric acid treatment of enamel appears to be much more effective than acidic monomers for bonding resin-based materials. The insufficient etching of self-etch adhesives may also be attributed to the diminishing abilities of decalcification due to total inactivation of the acid in contact with the enamel surface.\[[@ref7]\]

On the other hand, the poor bonding performance of one-step self-etch adhesives reported in dentin may be attributed to different factors.\[[@ref8]\] These products create very thin coatings, which may be oxygen inhibited, resulting in a poorly polymerized adhesive layer.\[[@ref9]\] They are prone to phase separation as the solvent evaporates from the solution and they behave as permeable membranes after polymerization.\[[@ref9]\] These one-step self-etch adhesives are extremely hydrophilic as they contain high concentrations of both ionic and hydrophilic monomers.\[[@ref10]\] It is difficult to evaporate water from these one-step self-etch adhesives, and even if evaporation is successful, water will rapidly diffuse back from the bonded dentin into the adhesive resin. Such hydrophilicity renders these adhesives very permeable and denies their ability to hermetically seal dentin surfaces. This water sorption plasticizes polymers and lowers their mechanical properties.\[[@ref11]\] Although hydrophobic dimethacrylates are added to all-in-one adhesives to produce stronger cross-linked polymer networks, the hydrophilic monomers tend to cluster together before polymerization to create hydrophilic domains\[[@ref12][@ref13]\] and microscopic water-filled channels called water-trees.\[[@ref14][@ref15]\] These water-trees permit movement of water from the underlying dentin through the hybrid and adhesive layers to the adhesive--composite interfaces.\[[@ref16]\] It has been suggested that the osmotic gradient responsible for the induction of this type of water transport is derived from the dissolved ions within the oxygen inhibition layer of these polymerized adhesives.\[[@ref17]\] These ions osmotically attract water, which diffuses in from the outside through the hydrophilic adhesive layer to create the water blisters. Moreover, the collection of water droplets on the surface of a polymerized adhesive can result in a mode of polymerization of the resin composites, which is referred to in polymer chemistry as emulsion polymerization.\[[@ref18]\] In such situations, the hydrophilic composite forms an emulsion in the presence of water, which results in the appearance of numerous resin beads along the interface instead of a continuous film of polymerized composite.

Therefore, it can be stated that the simplification of bonding steps has not improved the quality or the durability of bonding to dental tissues. Water sorption by hydrophilic and ionic resin monomers within both the hybrid layer and the adhesive layer may contribute to the degradation of resin--dentin bond strength over time as the hydrophilicity and hydrolytic stability of resin monomers are generally antagonistic. It has also been demonstrated that employing simplified self-etch adhesives in enamel can result in osmotic blistering and, consequently, bond failure when they are not covered by a hydrophobic resin layer.\[[@ref19]\] By executing the rationale behind the use of two-step self-etch systems, the performance of one-step self-etch adhesives may also be improved by treating them as a primer and covering it with a less hydrophilic resin coating such as those employed in conventional three-step etch and rinse adhesives.\[[@ref20]\] However, the effect of this alternative technique seems to vary with the brand of adhesive tested and requires further investigation.\[[@ref20][@ref21]\]

Different studies have reported the effect of additional acid etching on bonding of one-step self-etch adhesives to enamel or the effect of application of additional hydrophobic resin coat on bonding of one-step self-etch adhesives to dentin. However, most of these studies have been performed on flat surfaces which do not take into account the influence of C-factor on bonding. Therefore, the objective of this study was to analyze the effect of additional phosphoric acid etching of enamel and hydrophobic resin coat application on the microleakage of one-step self-etch adhesives at enamel and dentin margins of class V cavities and to observe the morphological characteristics of the resin--dentin interface after such treatment under scanning electron microscope (SEM) and to gain information on their penetration abilities. The null hypothesis tested was that additional acid etching of enamel and hydrophobic resin coat application on the prepared tooth surface will not affect the microleakage of one-step self-etch adhesives.

MATERIALS AND METHODS {#sec1-2}
=====================

This study was performed in 100 intact caries-free human premolars extracted for orthodontic purpose. After debridement and disinfection in 1% thymol solution, teeth were stored in distilled water until use. Buccal class V cavities centered on the cementoenamel junction were prepared with a 3 mm mesiodistal width, 3 mm occlusogingival dimensions and 1.5 mm depth, using ISO 012 straight fissure diamond point (Dentsply Detrey, USA) in an air--water cooled high-speed handpiece. The bur was changed after every five preparations. The gingival margins on dentin were maintained as butt joint but in enamel a 45° bevel was given. The teeth were divided into two groups according to the one-step self-etch adhesives used: Clearfil S^3^ Bond (CS^3^) (Kuraray Medical, Tokyo, Japan) and Xeno III (Dentsply, Konstanz, Germany). Each group was further divided into four subgroups according to the four application modes \[[Table 1](#T1){ref-type="table"}\].
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Adhesive systems: Composition and application modes of different groups
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Group 1 (MD): Adhesive applied according to the manufacturer\'s directions.

Group 2 (EE): Enamel margins etched with 37% phosphoric acid (Etchant, 3M ESPE, St. Paul, MN, USA) for 15 seconds prior to adhesive application.

Group 3 (HL): The adhesive applied as in Group 1, followed by an additional application of hydrophobic resin coat (adhesive from Clearfil SE Bond, Kuraray, Japan).

Group 4 (EE + HL): Enamel margin was etched with 37% phosphoric acid for 15 seconds prior to adhesive application (as in Group 2) which was followed by application of an additional coat of hydrophobic resin layer (as in Group 3).

The cavities were bulk filled with resin composite (Z 250, 3M ESPE, St. Paul, MN, USA), light cured for 40 seconds at 600 mW/cm^2^ and polished. The restored teeth in each group were thermocycled for 500 cycles at 5°C and 55°C.

For microleakage test, 10 samples from each group were coated with two layers of sticky wax, leaving a 1 mm window around the cavity margins. The samples were then immersed in freshly prepared 2% methylene blue dye for 48 hours. The teeth were then rinsed with water, the sticky wax was removed and the teeth were left to air dry at room temperature for 24 hours. The teeth were sectioned longitudinally in a buccolingual direction by a cut through the center of the restoration. Dye penetration at the tooth restoration interface was assessed by a stereomicroscope at magnification 10× \[[Table 2](#T2){ref-type="table"}\].
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Microleakage scores used for the study
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Specimen preparation for scanning electron microscopy {#sec2-1}
-----------------------------------------------------

Five samples each of both the adhesives from groups 1 and 3 were used for SEM examination of the resin--dentin interfaces. For SEM evaluation, the specimens were sectioned vertically in a buccolingual plane through the center of the restoration and polished. The sections were fixed in 10% formalin for 24 hours and decalcified in 6 N HCl for 30 seconds, rinsed in distilled water and deproteinized by 10-minute immersion in 1% NaOCl, and then rinsed in distilled water. After acid base treatment, the specimens were subjected to dehydration in ascending grades of ethanol up to 100% (25% for 20 minutes, 50% for 20 minutes, 75% for 20 minutes, 95% for 30 minutes and 100% for 60 minutes). The specimens were mounted on aluminum stubs and further dried in vacuum before sputter coating with gold. Gold sputter coating was carried out under reduced pressure in an inert argon gas atmosphere in an Agar Sputter Coater P7340 (Agar Scientific Ltd., Essex, England). The gold-coated samples were examined under SEM (Leo 435 VP, Cambridge, UK) operated at 15 kV. Micrographs of the resin--dentin interface were taken at 500× to observe the quality of bonding between the restorations and dental hard tissue.

Statistical analysis {#sec2-2}
--------------------

The results of dye penetration were analyzed using Kruskal--Wallis non-parametric analysis, followed by Mann--Whitney U test to evaluate differences among the experimental groups at a significance level of *P* = 0.05.

RESULTS {#sec1-3}
=======

At enamel margins, Clearfil S^3^ showed significantly lesser leakage than Xeno III when applied according to manufacturer\'s directions. Additional acid etching of enamel significantly reduced the microleakage for both the one-step self-etch adhesives at the enamel margin \[[Table 3](#T3){ref-type="table"}\]. At dentin margins, Xeno III, when applied according to manufacturer\'s directions, depicted significantly lesser leakage than Clearfil S^3^. With the application of an additional hydrophobic, solvent-free resin layer, a decrease in leakage scores at dentin margins was observed for both the adhesives tested, but the effect was significant only for Xeno III \[[Table 4](#T4){ref-type="table"}\].
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Microleakage scores at enamel margins (*n*=10)
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###### 

Microleakage scores at dentin margins (*n*=10)
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SEM observations of the resin--dentin interface are summarized in Figures [1a](#F1){ref-type="fig"}--[d](#F1){ref-type="fig"}. Both Clearfil S^3^ and Xeno III, when applied according to the manufacturer\'s directions, showed the presence of interfacial gap at the dentinal surface with little or no resin tag formation. After additional application of hydrophobic resin layer, only Xeno III showed improved interfacial adaptation with absence of gap.

![(a) Cross-section of the interface obtained *in vitro* between CS^3^ and dentin. Generalized gap can be observed with very few and short resin tags, (b) Cross-section of the interface obtained *in vitro* between CS^3^ and dentin with additional hydrophobic layer application showing interfacial gap and absence of resin tags, (c) Cross-section of the interface obtained *in vitro* between Xeno III and dentin. Generalized gap can be observed with no resin tags, (d) Cross-section of the interface obtained *in vitro* between Xeno III and dentin with additional hydrophobic resin layer application showing better interfacial adaptation](JCD-14-258-g005){#F1}

DISCUSSION {#sec1-4}
==========

When applied according to manufacturer\'s directions, Xeno III showed significantly lesser leakage at the dentin margins as compared to Clearfil S^3^. At enamel margins, however, Clearfil S^3^ performed significantly better than Xeno III, when applied according to manufacturer\'s directions. This could be due to the fact that Clearfil S^3^ contains 10-methacryloxydecyl dihydrogen phosphate (MDP), which has been reported to have a high chemical bonding potential to hydroxyapatite.\[[@ref23]\] Furthermore, the calcium salt of MDP is highly insoluble. According to the adhesion--decalcification concept, the less soluble the calcium salt of an acidic molecule, the more intense and stable the molecular adhesion to a hydroxyapatite-based substrate.\[[@ref24]\] A chemical interaction between hydroxyapatite and functional monomers in an adhesive leads to higher bond strengths compared with those that rely on micro-mechanical retention to the enamel substrate alone.

With prior phosphoric acid treatment of the enamel margins, a significant decrease in leakage was observed for both Xeno III and Clearfil S^3^ \[[Table 3](#T3){ref-type="table"}\]. Various studies have also indicated the potential benefit of additional enamel etching with phosphoric acid prior to the use of self-etch adhesives.\[[@ref25]--[@ref29]\] Brackett *et al*.\[[@ref25]\] reported a significant decrease in leakage of self-etch adhesives at enamel margins of class V cavities when prior enamel etching with phosphoric acid was done. Luhrs *et al*.\[[@ref29]\] showed that additional phosphoric acid etching significantly increased the shear bond strength to enamel of all the examined self-etch adhesives. Van Meerbeek *et al*.\[[@ref28]\] also reported more marginal defects at the enamel margins of class V composite restorations when prior phosphoric acid etching was not done with mild two-step self-etch adhesives, although they recorded no difference in clinical performance. Ermis *et al*.\[[@ref30]\] evaluated over a 3-year period, the clinical performance of class III composite restorations bonded with a mild two-step self-etch adhesive with and without additional enamel etching. Although a retention rate of 100% was reported for both the non-etch and the etch groups, the non-etched restorations revealed more marginal defects and superficial marginal discoloration than the etched restorations. Contrary to our study, Watanabe *et al*.\[[@ref5]\] demonstrated that two of the five single-step self-etch adhesives tested showed no significant increase in bond strength due to prior acid etching. They suggested that not only the depth of enamel etching, but also the composition and mechanical properties of the adhesives might play important roles in bonding.

The most plausible explanation for decreased leakage at the enamel margin after additional phosphoric acid etching of enamel is the increase in enamel porosity, resulting in an increased resin interlocking and micro-mechanical retention. In spite of the weak correlation between enamel-etching depth/pattern and bond strength found in literature, the aggressiveness of the enamel treatment may play an important role.\[[@ref31]\] Khosravi *et al*.\[[@ref32]\] also concluded that simplified all-in-one adhesive systems need pre-etching of the enamel margins with phosphoric acid for an effective seal. Therefore, the null hypothesis that prior acid etching did not affect the microleakage was rejected.

In this study, additional application of hydrophobic, solvent-free resin layer improved the performance of both one-step self-etch adhesives in dentin. However, the effect was significant only for Xeno III \[[Table 4](#T4){ref-type="table"}\]. Our results are supported by various studies\[[@ref9][@ref20][@ref33][@ref34]\] which reported improvement in resin--dentin bonding of one-step self-etch adhesives after hydrophobic resin layer application. At the enamel margins, a slight increase in leakage was observed after hydrophobic resin layer application though the effect was not statistically significant.

In the SEM examination, both Clearfil S^3^ and Xeno III, when applied according to the manufacturer\'s directions, showed the presence of interfacial gap at the dentinal surface with little or no resin tag formation. After additional application of hydrophobic resin layer, only Xeno III showed improved interfacial adaptation with absence of gap. Minimal resin tag formation has been reported in one-step self-etch adhesives and resin tags are usually scant and thinner, indicating that most of the dentinal tubules remain obstructed by smear plugs, which is in contrast to etch and rinse adhesives.\[[@ref35][@ref36]\] With the use of SEM, an excellent characterization of the ultramorphological interface is possible due to an enhanced resolution. However, polishing the restored disks followed by demineralization and deproteinization can induce artifacts. Also, the dehydration techniques and the high vacuum may also have provoked changes to the interfaces analyzed. Yet, the challenging conditions during SEM examinations are an excellent test to reveal the weakest link of the evaluated interfaces.

Favorable results obtained after hydrophobic layer application may be attributed to the relative increase in the concentration of hydrophobic monomers within the adhesive interface, decreasing water diffusion which could have otherwise occurred rapidly.\[[@ref9][@ref37]\] This could in turn inhibit polymerization and thereby weaken the adhesive--resin composite interface. The additional layer of hydrophobic adhesive also increased the thickness of the adhesive layer that is known to reduce polymerization stresses.\[[@ref38]\] Lodovici *et al*.\[[@ref39]\] demonstrated that the application of an extra coat of hydrophobic, solvent-free bonding resin was not able to minimize the damage caused by thermal/mechanical load cycling to the adhesive interfaces obtained with flat dentin surfaces. However, their study was done using a three-step etch and rinse and two-step self-etch system, while most of the current literature regarding the application of an additional hydrophobic resin layer has demonstrated the effect to be beneficial for simplified one-step self-etch adhesives bonded to dentin. It is therefore suggested that further understanding of the factors that contribute to the quality of restorations and their bonding characteristics is required.

CONCLUSIONS {#sec1-5}
===========

Phosphoric acid etching of enamel margins significantly improved the sealing effectiveness of both one-step self-etch adhesives. Application of hydrophobic resin coat with Xeno III decreased microleakage at dentin margins and showed better interfacial adaptation under SEM.
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